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INTRODUCTION
According to Kaiser (1974) "lignite occurs as a compo-
nent facies of ancient fluvial, deltaic, and lagoonal
rocks." The fluvial deposits - which provide an inter-
mediate grade lignite - occur in East Texas, the deltaic
(best quality) in Central to Southeastern Texas, and
lagoonal (lowest quality) in Southern portions of the state.
Most of the commercial lignite deposits lie in the
Wilcox group; and the deposits in Harrison County, where
the Darco mine is located, are described as fluvial deposits
in the Calvert Bluff formation of that group (Kaiser, 1974).
The Darco mine was opened in 1922 (Smith, 1949) and
lignite removal was achieved by tunnelling. In 1944 strip
mining commenced, allowing easier, safer access to the seam.
All of the mining since 1944 has been by stripping.
Near the Sabine River, to the South, only 25 to 30 feet
of overburden - soil or geologic material over the lignite -
was removed, while further North depth to the lignite
reached 55 to 60 feet. The overburden, primarily geologic
material at these depths, was dumped in piles to the side of
the pit, being mixed in the process. In the earlier years
these spoil piles were left to revegetate by natural means,
1
2without being graded to a topography more common in East
Texas.
By 1975, such unreclaimed materials at Darco's pit 3
1
were 19 to 31 years old. Much of the material had revege-
tated naturally and supported at least sufficient cover to
prevent soil loss. In very distinct contrast, however,
several areas were completely devoid of vegetation - even
after 31 years since mining. The latter materials were uni-
formly gray, at least for the surface 6 inches, and lay in
elongate mounds.
At another site, 16 to 19 years after exposure of
spoils, the same contrast was observed. Pine growth on some
spoils was approximately 17 years old, while spoils which
failed to revegetate naturally were gray mounds, more coni-
cal in shape than unrevegetated materials at the older site.
The only observable difference between the two groups of
spoils, besides vegetation, was color. The vegetated
materials consistently appeared to be non-gray in color;
the bare spoils, consistently gray (lOYR 4/1-2/1 and 5YR
2/1) in color.
Considering these observations, many questions have
been raised. Are the gray spoils as different from the
IAges for the various mlnlng sites at Darco mine are
estimates based on best information from Imperial Chemical
Industries, Inc. - United States (ICI, Inc. - U.S.) who has
operated the mine since 1959.
3spoils of other color as revegetation failures seem to
indicate? If so, how are they different? Why do some
spoils revegetate naturally and others do not? If a dif-
ference does exist, is the gray color an identifying charac-
teristic? Is a toxicity or nutrient imbalance responsible
or could physical properties be limiting?
The purpose of this thesis is to consider the hypo-
thesis that, at the Darco mine, gray spoil materials are
not different, chemically, from non-gray materials. It is
also appropriate to expose possible answers to the other
questions if the data provides the opportunity.
LITERATURE REVIEW
In order to recognize any difference which may exist
between gray and non-gray spoils, it is necessary to become
familiar with the variables which may influence spoil
chemistry. Usually the conditions of spoil banks improve
with time; however, an increase in nutrient concentrations
may occur when acid forming minerals predominate (Struthers,
1964), as they frequently do. These acid conditions
increase the availability of many elements, as well as
intensifying the rate of weathering. Since the strip mining
process adds considerably to the mineral supply exposed to
weathering, the potential for the development of toxicities
is high.
Czapowskyj (1973), in summarizing reports from several
areas across the United States where coal was mined, notes
that nitrogen, phosphorus, and potassium appeared to be the
most common growth limiting factors in natural soils. How-
ever, these deficiencies are easily overcome by fertiliza-
tion. Perhaps for this reason most of the coal spoil re-
clamation literature deals with the somewhat more difficult
nutrient conditions which may develop.
The most troublesome elements commonly encountered
under acid conditions are aluminum, iron, and manganese
4
5(Lowry and Finney, 1962; Struthers, 1964; Berg and Vogel,
1973), but Czapowskyj (1973) and Massey and Barnhisel (1972)
also include copper, zinc, and nickel as other possibilities.
Sulfates, and the production of acid, are well known dif-
ficulties associated with strip mining and should be
considered. The calcium:magnesium ratio, although not as
widely accepted a source of nutrient problems, was observed
in view of the accelerated weathering conditions usually
present at strip mines.
Aluminum has been found to be the major source of
buffering in acid mineral soils (Kamprath, 1970), and the
potential for the development of an excess of aluminum
should be greater under these conditions. Apparently the
toxic effects of this element on plants have been recognized
for many years, despite the fact that specific symptoms
cannot be primarily attributed to aluminum itself. Large
quantities of the element have been associated with plant
deficiencies in phosphates because of aluminum phosphate
precipitates (Foy and Brown, 1963; 1964).
Further, soil pH is influential in aluminum avail-
ability. Pratt (1961) found "no measurable, soluble
aluminum until the pH of the solution reached 5.2," and then
the concentration increased as the pH decreased. He
believed that at pH values greater than 4.7 the phosphates
combine with aluminum and iron. This reaction thereby pre-
6vented abrupt changes in pH - and the development of
aluminum toxicity - until all of the phosphates "were
converted to a ltdf(linum and iron phos phates" (Pratt, 1961).
Finally, several investigators have found aluminum
availability to be inversely related to soil organic matter
content (Thomas, 1975; Evans and Kamprath, 1970), with the
organic matter adsorbing the aluminum and decreasing its
absorption by plants.
As the soil reaction (pH) becomes more acidic, the
availability of the trace elements increases. For
manganese, reaction has become an indicator (Labanauskas,
1966; Berg and Vogel, 1973), with a pH below 4.5 to 5.0
revealing the possibility of a toxicity for several legume
species, including "more manganese-tolerant species"
planted on coal spoils (Berg and Vogel, 1968). Though this
toxicity has been recognized frequently on spoil materials
(Lowry, 1962; Struthers,1964; Massey and Barnhisel, 1972),
toxicities of zinc, copper, and nickel have not been
considered until recently. Concentrations as high as 145
ppm zinc, 85 ppm copper, and 122 ppm nickel were found in
solutions from Kentucky coal spoils (Massey and Barnhisel,
1972), while Cummins et al. (1965) discovered exchangeable
copper up to 27.8 ppm and zinc to 18.1 ppm. Massey and
Barnhisel maintain that high concentrations of zinc, copper,
and nickel should be considered since the "black shale ...
7found in close association with coal deposits" are high in
these elements. Reaction appears to influence the concen-
trations of aluminum and iron more than the amounts of
manganese, zinc, copper, and nickel (Massey and Barnhisel,
1972).
Sulfur is a primary constituent of organic materials
and can be expected in several forms in most coal spoils
since it is a common part of deposits and the adjacent
strata. The combination of sulfates, produced by the oxida-
tion of sulfur minerals, and atmospheric moisture results in
sulfuric acid, a familiar factor in acid mine drainage.
While acid production is most frequent in coal spoils
of the Eastern United States, where coal containing greater
quantities of sulfur is mined (anthracite and bituminous),
it is a problem which should not be overlooked in other
regions mining low-sulfur lignites. High acidity and high
salt content in mine areas "result from the oxidation of
sulfide minerals" (Barnhisel and Massey, 1969). When this
is coupled with possible excesses of aluminum, iron, manga-
nese, magnesium, and sulfate and correspondingly low levels
of other nutrients, revegetation of spoil materials becomes
very difficult.
The type of clay present also influences the amount of
sulfates adsorbed by soils. Kaolinite adsorbs greater quan-
tities of sulfates than either illite or bentonite, and
8"AI-clays retain more than H-clays" (Chao, et al., 1962a).
The importance of dissolved aluminum is recognized by van
Breeman (1973); Ensminger (1954); Kamprath, Nelson, and
Fitts (1956); and other investigators, all of whom dis-
covered that the greater the aluminum content of a soil, the
more sulfate was held. Soils most retentive of sulfates are
usually more highly weathered and contain greater quantities
of iron and aluminum oxides (Chao, et al., 1962b; 1962c).
Under these conditions the aluminum, and most likely the
iron as well, is present mostly as trivalent ions (Russell,
1950), and since it is known that adsorption of sulfates is
in the order: trivalent ions> divalent> monovalent (Chao,
et al., 1963), the greater quantities of sulfates in these
soils can be partially explained. While hematite and limo-
nite hold relatively small quantities of sulfates, compared
to aluminum oxides and clay minerals (Ensminger, 1954),
Chao and his associates (1962a) provide evidence that iron
removal - as iron oxides - "considerably reduced sulfate
adsorption" of the soils investigated. Sulfate concentra-
tions are also influenced by "cation saturation and pH"
(Chao, et al., 1963) with pH seeming to be the more
influential of the two.
Considering this information on the role of sulfur,
the production of sulfates lowers the soil pH through the
production of sulfuric acid. These acid conditions may lead
9to accelerated weathering of soil minerals which may, in
turn, release additional oxides of iron and aluminum and
other nutrient elements stable in an acid environment. The
higher levels of iron and aluminum then provide for greater
quantities of sulfate secured by the soil, and the soil pH
can drop even further and perhaps at a faster rate.
Although acid mine drainage has not been a problem for
any of the Texas lignite mines (Lentz, 1975), there exists
a distinct possibility that sulfates can influence soil
quality without producing acid 1eachates in quantity. The
pyrite (FeS Z) content of lignite deposits is explained, at
least partly, by the "depositional environment." The low
concentrations of ferrous iron and sulfate compounds in the
water may have been the primary limiting factors in the
formation of pyrites commonly associated with coal deposits
(Lentz, 1975). "The low sulfur content (of fluvial lignites)
implies a fresh-water origin" (Kaiser, 1974).
Lentz (1975), in his study of water quality at the Big
Brown power plant and mine near Fairfield, Texas, found that
no acid mine drainage was occurring, even though the sulfate
content of waters in one area was very high (>1500 ppm).
"Sulfate concentrations in mine waters at Big Brown are
probably not proportional to actual rates of pyrite oxida-
tion occurring in the spoil" but reflect instead a "f1ushing
of soluble sulfate ... " (Lentz, 1975).
10
He also states that "probably similar paleoenviron-
ments" were shared by East Texas lignite deposits in the
Wilcox group and those being excavated at Fairfield. One
major difference between the two locations, however, is
rainfall - East Texas receiving more than other regions of
the state and, therefore, "more conducive climatically to
maximum FeS 2 oxidation" (Lentz, 1975) and maximum potential
for acid mine drainage.
Further, nutrient analysis data from the Fairfield
mine should prove instructive when compared with data from
the Darco mine spoils. Reaction determined at Fairfield
showed a range from pH 3.2 to 8.0, with "47% from 6.0 to
7.0" (Angel, 1973). Nutrient elements were found in con-
centrations which would favor vegetative growth on spoil
materials, while in undisturbed soils phosphorus was defi-
cient and calcium was lower than, and out of balance with,
magnesium in the surface three inches. Angel felt that
plant growth would be no problem on these materials, but
that fertilization and liming could increase productivity.
In coal mine spoils, acid reaction is common due to the
presence of sulfur compounds associ~ted with the deposits
and adjacent strata. Aluminum, iron, manganese, copper,
zinc, and nickel all become more available under these
conditions. It is possible that toxicities or imbalances of
any of these nutrients may make revegetation of lignite strip
11
mine spoils a difficult task. These factors must be
examined in order to identify any difference which may
exist between gray, unrevegetated and non-gray, revegetated
spoils, and to investigate other questions concerning plant
growth at the Darco mine.
METHODS AND PROCEDURES
Prior to current reclamation efforts, spoil materials
had been left mounded on or adjacent to the mine pits. As
a result, mine spoils of a variety of ages and conditions
of revegetation are present. Vegetation conditions range
from bare spoil material with no vegetation through herba-
ceous vegetation to volunteer loblolly-shortleaf pine
(Pinus taeda L. and Pinus echinata Mill.) approximately 17
years old.
Four areas were chosen for investigation, each site
reflecting different ages of spoil exposure. Three of the
areas consisted of mounded spoils adjacent to the old mine
area. The fourth sampling area was the endwall of a pit in
which mining was recently terminated prior to reclamation.
Samples were taken to characterize freshly exposed over-
burden material.
Site Descriptions
Site 1 (Darco's 'pit number 3, Figure 1) contains the
oldest spoils with ages ranging from 19 to 31 years at the
time of collection. Within the pit, gray spoils have not
revegetated by natural means, but stand bare in distinct
contrast with non-gray mounds which support cover vegetation.
12
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FIGURE lao Profile of the transect at site 1, with the
sampling points. (Height and horizontal distance are in
feet.) Darco Mine, Harrison County, Texas.
FIGURE lb. View along the transect line at site I showing bare gray spoil
mounds surrounded by vegetation, Darco Mine, Harrison County, Texas.
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Overburden materials placed around the rim of the pit have
naturally revegetated to loblolly-shortleaf pin.e and
associated groundcover.
Site 2 (Figure 2) is 16 to 19 years old, has a
sparsely revegetated pit floor, and various spoil materials
in piles surrounding the pit. Most of the spoil mounds
support pine growth approximately 17 years old, however
several piles are notably different. One mound consisting
of gray spoil lacks vegetation except for a sparse growth
of grass on the southern exposure. All other vegetation
begins at a distance from the base of the mound, as if a
toxic zone had been established. One adjacent mound is much
smaller and is approximately half covered by herbaceous
species. A third mound, the tallest, is almost completely
covered with herbaceous vegetation and a small grove of 7
to 8 foot-tall American elder (Sambucus canadensis L.) on
the top.
Site 3 (Figure 3) consists of spoil materials mounded
on the surface adjacent to the pit and ranging from 1 to 17
years old. Some vegetation has become established
naturally on the older spoils - though it is sparse - some
areas have been experimentally planted, and younger
materials remain bare.
Site 4 consists of the endwall of the same pit as site
3 (similar to the endwall in Figure 2). This pit is the
~--~~---
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FIGURE 2a. Profile view of site 2 with the sampling points.
Darco Mine, Harrison County, Texas.
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FIGURE 3a. Representation of site 3 sampling points adja-
cent to the pit. Darco Mine, Harrison County, Texas.
FIGURE 3b. A representative portion of the spoil materials at site
3, Darco Mine, Harrison County, Texas.
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most recently mined, activities having ceased within six
months prior to sampling. These samples contain the
youngest, relatively unweathered materials of any of the
sites. Though groundwater springs are active in one area,
samples were collected from sections not affected by the
springs. Other portions of the pit were the first areas to
be reclaimed by leI-United States, Inc. Half of the area
was graded and seeded by November, 1975. The endwall
sampling area of the pit was graded soon after sampling, and
a lake filled a portion of the pit.
Field Sampling
At each site, samples were collected wherever an
observable change in spoil material occurred (i.e. color,
texture, revegetation) or a change was suspected. One
sample was collected at each sampling point from the top
six inches of material.
Site 1 sampling was conducted along a transect line
which ran from the top of one highwall to the top of the
other highwall (Figure 1). Site 2 samples were collected
at the top and bottom of two spoil mounds on the highwall,
and down the highwall (Figure 2). Site 3 collections were
made from spoils, of various ages and conditions of revege-
tation, which ran parallel to a road (Figure 3). And
finally, site 4 samples were collected down the highwall
face of the pit at site 3.
21
Laboratory Analysis
Exchangeable cations and phosphorus were extracted with
ammonium acetate at pH 4.2 (currently used by the Texas soil
testing laboratory system). Cations were measured by atomic
absorption techniques; phosphorus by colorimetry using the
molybdate-blue method (Appendix A).
The ammonium acetate at pH 4.2 was also a convenient
alternative to the ammonium acetate solution recommended as
extractant for sulfates (Bardsley and Lancaster, 1965).
Sulfate concentrations were then determined through
turbidimetric measurement of a barium sulfate precipitate
(Appendix B).
In addition, soil reaction was measured by glass
electrodes immersed in 1:1 soil:water mixtures, and nitrogen
was determined by the Kjeldahl method. Cation exchange
capacity (CEC) was assessed by a variation of Soil
Conservation Service method 5Al (D.S.D.A., Soil Conservation
Service, 1972), the pH 4.2 ammonium acetate being substi-
tuted for the pH 7.0 and Nessler's reagent being used,
during filtration with ethyl alcohol, to assure removal of
excess ammonia. Percent base saturation, that percent of
the CEC occupied by exchangeable bases (calcium, magnesium,
potassium, and sodium), was calculated by dividing the sum
of these four cations by the CEC and multiplying by 100. And
22
finally, the Bouyoucos method was used to determine the
texture of each sample.
Statistical Analyses
The data was subjected to several statistical analyses
to expose any possible interrelationships. Pearson's
correlation analysis, by site and color (gray vs. non-
gray), was used to establish significance (p~.Ol) of each
of the variables. A final correlation analysis was made,
by color taking each site individually, in order to show
which variables were significantly different between spoil
groups.
Further, a stepwise discriminant analysis examined
the predictive value of the variable for placing sample
material in a spoil group and selected a series of variables
for such predictions. Finally, several regressions -
including stepwise, multiple regressions - were run in an
attempt to clarify suspected interrelationships.
RESULTS AND DISCUSSION
Spoil materials at the Darco mine can be divided into
gray and non-gray groups through observation and chemical
analysis, and specific management approaches for each spoil
group can then make revegetation of the two materials an
easier task. Though chemical analysis indicates several
elements to be present in high concentrations, no toxicities
of individual elements or nutrient compounds seem evident.
Results of Chemical Analyses
Site 1. Of the spoils 19 to 31 years old, the gray
spoils have generally higher extractable plant nutrient
concentrations (Table 1) and a lower pH than non-gray
materials. The mean pH of the gray materials is 3.5 - the
lowest among all of the sites (Figure 4) and almost a full
pH unit lower than the non-gray spoils despite higher mean
concentrations of calcium and magnesium. Magnesium,
aluminum, nitrogen, and CEC show levels at least twice as
high in the gray materials. Of particular interest are
zinc, copper, iron, and sulfate because these are present
in the gray spoils at levels at least nine times higher than
in the non-gray, and because these elements are all more
available under the acid conditions present at this site.
Zinc, iron, and sulfate are present in the gray spoils at
23
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TABLE 1. Mean Levels of Soil Analysis Variables for Spoils
from the Darco Lignite Mine, Marshall, Texas.
SITE
1 2 3 4
GRAY NON-GRAY GRAY NON-GRAY GRAY NON-GRAY GRAY NON-GRAY
Ca (ppm) 1255.0 657.3 896.0 280.5 1458.1 808.9 2312.5 840.0
Mg (ppm) 1505.0 734.2 1109.3 594.7 1352.1 776.4 1192.5 694.7
K (ppm) 57.4 55.1 120.2 72.6 117.2 71. 7 109.0 58.8
Na (ppm) 34.2 27.1 29.2 14.0 188.4 106.9 201.4 227.1
Zn (ppm) 17.3 1.8 8.6 1.0 5.4 2.2 5.0 0.9
Mn (ppm) 13.5 14.5 15.8 5.0 22.5 18.1 15.0 3.8
Cu (ppm) 18.0 t 33.3 24.0 t 1.1 t 2.5
A1 (ppm) 300.0 150.0 660.0 294.0 58.3 128.9 42.0 115.0
Fe (ppm) 273.0 7.3 78.3 10.0 15.8 25.0 19.0 6.9
304 (ppm) 130.5 4.8 66.6 1.0 27.5 45.5 17.8 8.5
p (ppm) 2.6 2.4 1.2 1.3 21.6 11. 2 18.8 8.8
pH 3.5 4.5 3.9 4.9 5.5 5.1 6.6 5.9 N
1.I1
TABLE 1. (con't.)
SITE
1 2 3 4
GRAY NON-GRAY GRAY NON-GRAY GRAY NON-GRAY GRAY NON-GRAY
N (%) 0.15 0.05 0.17 0.01 0.1 t 0.1 t
CEC 23.6 8.8 23.4 7.8 13.2 8.8 17.6 9.7
Base sat.(%) 79.9 95.1 56.0 91.4 153.3 124.9 158.4 120.6
Ca:Mg 0.8 1.2 1.1 1.1 1.0 1.3 1.8 1.4
N
0'\
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this site in the greatest concentrations of all the sampling
areas (Figures 4 and 5). At this site, clay texture is a
classification unique to the gray materials.
Site 2. In spoils 16 to 19 years old, the mean pH
again is lower in the gray materials by one pH unit: 3.9
for the gray and 4.9 for the non-gray. According to Pratt
(1961) a soil pH below 4.0 is conducive to the accumulation
of exchangeable aluminum, and the greatest concentrations
of aluminum in all of the spoils sampled at Darco occur at
this site. The gray spoils contain twice the aluminum of
the non-gray spoils. Phosphorus levels are the same in
both spoil groups, and the level is the lowest for all
sites (Figure 6). Zinc, iron, sulfate, and nitrogen show
the greatest differences between spoil groups - being at
least 600% more concentrated in the gray - while calcium
and manganese exhibit levels two times higher in the gray
(Table 1). Only half of the gray samples have clay tex-
tures, whereas none of the non-gray belong to this classifi-
cation.
Site 3. Spoils 1 to 17 years old, the youngest at the
Darco site, reveal a different situation. For the first
time the mean pH is slightly more acidic in the non-gray
materials (5.1 non-gray and 5.5 gray). A.lso of importance,
higher concentrations of aluminum, iron, and sulfate occur
in the non-gray spoils. These last three variables continue
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FIGURE 5. Variations in Zn and Fe with spoil age for gray (A) and non-gray (0) spoils.
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to coincide with the lower pH regardless of the spoil group
to which the materials belong (Table 1). Zinc, on the other
hand, is found in higher concentrations in the gray spoils,
regardless of the pH (Figure 5). Also for the first time,
mean calcium concentration exceeds mean magnesium. Texture
was fairly uniform among all of the samples, most being
classified in the loam range.
Site 4. Df the highwall samples, defined as zero
years of age, non-gray materials show still more acidity
(pH 5.9) than the gray (pH 6.6), continuing the trend ini-
tiated at site 3. Neither a slightly higher level of
sodium, nor lower concentrations of iron and sulfates in
the non-gray materials prevent the more acidic pH. Aluminum
concentrations are more than 100% higher in the non-gray
spoils. Mean concentrations of calcium, zinc, manganese,
iron, sulfates, and phosphates in the gray materials are all
at least twice as high as those in the non-gray spoils.
Aluminum appears to be the only acid forming element to
coincide with the lower pH. In texture, the samples seem to
establish no trends.
Comparisons Qy Age, Site, and Color
When the mean values of each variable for gray and for
non-gray materials are plotted against site and spoil
(Figures 4 through 11), the nature and degree of differen-
tiation between the two spoils groups are illustrated. For
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most of the variables, very large differences in individual
values and in trends with increasing age exist between spoil
groups. Zinc, iron, and sulfates exhibit the greatest
contrast between the spoil groups, but also reveal similar-
ities among each other (Figures 4 and 5). The mean concen-
trations of these three elements increase with age in gray
spoils, reaching their highest levels in the oldest
materials (site 1), while in non-gray spoils the variance
with age is smaller and peak concentrations occur at site
3 (1 to 17 years old).
The mean pH values of gray spoils begin about half a
pH unit higher than those for the non-gray in the first 17
years, but then drop to levels one pH unit lower than the
non-gray from approximately 17 to 31 years. This evidence
supports the theory that gray spoils are experiencing more
rapid weathering than the non-gray and that the two materials
are indeed different chemically. The rapid weathering in
gray spoils may be attributable partly to increasing con-
centrations of zinc, iron, and sulfates which are known to
acidify soils. Also, rapid declines of calcium and sodium
concentrations in the first 19 years may contribute.
Aluminum in both spoil groups, after a very slight
change in the first 17 years, reaches a very large peak in
spoils 16 to 19 years old. The data shows that sources of
aluminum exist in both spoil groups (Figure 7). The dif-
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ference in concentrations in gray and non-gray spoils may
be due to the greater rate of weathering believed to be
occurring in gray spoils 17 to 31 years old. At the same
time, phosphorus concentrations peak at 1 to 17 years and
reach a low point at 16 to 19 years. The mean pH is below
the range of 5.5 to 6.5 commonly recognized as optimum for
plant absorption of phosphorus, while it is sufficiently
low to increase the availability of aluminum and other acid
forming elements.
The similarity of the aluminum and copper curves (Fig.7)
suggests an association between these two elements, even
though the greater availability of these elements under acid
conditions may be the only common denominator. In addition,
the only difference which appears between the curve for
copper in gray spoils and in non-gray is a difference of
intensity perhaps accounted for, as in the case of
aluminum, by the accelerated weathering of gray materials.
When consideration is given to the progression of mean
values over time, the differentiation of spoils into two
groups is substantiated, and some insights gained into the
weathering of these materials. For both spoil groups, the
mean pH decreases as material age increases. In the gray
materials, the pH initially is slightly less acidic than the
non-gray. After approximately 17 years, however, the gray
spoils exhibit a greater rate of weathering and become more
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acidic than the non-gray. This sequence may be indicating
the possibility of differentiating spoils into age groups
(0 to 17 and 17 to 31 years of age) as well as color groups
(gray and non-gray). Further differentiating the two spoil
groups, concentrations of zinc, iron, and sulfates all
increase sharply with age in gray spoils only. In the cases
of aluminum, copper, and phosphorus, the concentration
curves for each element show a similarity between spoil
groups though gray materials exhibit a greater range.
Data Analysis
Pearson's Correlation. An association between two
variables can be determined through the use of correlation
techniques. Coefficients derived by these methods show not
only the magnitude of the association, but also the
direction (negative or positive correlation) (Downie and
Heath, 1965). Pearson's correlation coefficients were
calculated using two approaches to the data: (1) the over-
all sampling area divided only into spoil groups (gray vs.
non-gray), and (2) site-by-site, with no consideration of
spoil color. Correlations were considered significant if
the coefficient (r) equaled or exceeded 0.80 and the sig-
nificance level (s) was 0.01 or less (99% or greater level
of probability).
First, to expose correlations which may further divide
the two spoil groups, coefficients were computed for variable
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pairs over the entire sampling area. The samples were
divided into gray and non-gray for comparative purposes. In
gray spoils only two significant correlations were found.
The correlation of iron and zinc had a coefficient of 0.8031
and a significance level of 0.001, which means that varia-
tion in one variable was associated with 80.31% of the total
change in the other variable. This coefficient was signifi-
cant at the 99.9% level. Phosphates and sodium revealed a
coefficient of 0.8329 and a significance level of 0.001.
Zinc and sulfates correlated with a coefficient of 0.7940
and a significance level of 0.001. The coefficient was
very close to the acceptable level. It may be possible that
a larger number of cases in the analysis could have raised
the coefficient of these two variables above the 0.80 level.
In the non-gray materials only a correlation between
CEC and potassium was significant (r = 0.8446, s = 0.001).
Iron and zinc showed a coefficient much lower (r = 0.4982)
than in the gray materials, as was the case with sodium and
phosphates (r = 0.3670). The coefficient for zinc and
sulfate was calculated to be 0.1270 at a significance (s =
0.24) below the acceptable level. Correlations among
aluminum, copper, and phosphates in either spoil group were
noticeably lacking significance.
Another set of Pearson correlation coefficients was
calculated, considering variable pairs at each site in an
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attempt to uncover the weathering events occurring at each
location and to determine interrelationships between
variables and sites. The materials were not divided into
spoil groups due to the small number of cases, and so the
results reflected relationships common to both spoil groups.
No less than seven correlations were found, at all sites,
with criteria exceeding the previously mentioned guidelines
(Table 2).
At site 1, containing the oldest materials, ten
correlations were significant (Table 2). Most notable of
these were correlations between zinc and iron (r = 0.8623),
zinc and sulfate (r = -.8747), pH and zinc (r = -0.8201),
and pH and iron (r = -0.8373). The coefficients with nega-
tive values indicate an inverse relationship. The correla-
tions involving pH were not surprising considering the
ability of zinc and iron to acidify soils.
At site 2, some of the more important correlations
were pH with zinc (r = -0.8547) and with iron (r = -0.8167),
zinc with iron (r = 0.9023), sulfate with sodium (r =
0.9064) and with manganese (r = 0.8535).
Several similarities exist between sites 1 and 2.
Materials at both sites are greater than 17 years old, on
the average; the mean pH of the gray materials are more
acidic than in the non-gray, and acid forming variables
dominate the significant correlations (Table 2). In addition,
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TABLE 2. Pearson's Correlation Coefficient Analysis -
By Site - For Spoil Samples from the Darco
Mine, Marshall, Texas.
Site 1 (19-31 Years of Age) Site 2 (16-19 Years of Age)
Variable Percent~'k Variable Percent~-J:
Pair Explained Pair Explained
Ca and Mg 86.83 Ca and Mg 85.59
Na and Mg 82.03 Ca and Na 80.66
Na and Mn 81. 97 Na and S04 90.64
Zn and Fe 86.23 Zn and Fe 90.23
Zn and S04 87.47 Mn and S04 85.35
pH and Zn -82.01 pH and Zn -85.47
pH and Fe -83.73 pH and Fe -81.67
CEC and Ca 88.99 CEC and Ca 83.47
CEC and Mg 81. 72
CEC and Zn 80.59
*The percent change in one variable explained
by a change in the other variable. These are
reversible correlations, so the coefficients
apply when either variable of a pair is the
independent variable.
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TABLE 2. (can't.)
Site 3 (1-17 Years of Age) Site 4 (0 Years of Age)
Variable Percent Do ,,;'( Variable Percent Do ,,;',
Pair Explained Pair Explained
Ca and Mg 94.60 Ca and Mg 87.84
Ca and K 81.06 Ca and K 88.20
Cu and Fe 96.56 Mg and K 88.95
P and Mg 81. 74 N and Ca 87.02
N and Ca 81. 21 N and Zn 86.93
CEC and Ca 89.19 CEC and Mg 86.33
CEC and Mg 82.60 Nand CEC 81.68
CEC and N 86.43
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several correlations are significant at both sites,
notably: calcium, with magnesium, zinc with iron, pH with
zinc and with iron, and CEe with calcium. I believe that
these correlations reflect similar conditions of weathering
at the two sites. After enduring more than 17 years of
weathering, spoils at sites 1 and 2 may have developed
chemical characteristics distinctly different from those of
younger spoils (sites 3 and 4).
At site 3, the correlations seen previously between
zinc and iron, and between these two variables and pH, are
noticeably lacking. Instead, copper and iron are correlated
so that variations in copper concentrations coincide with
96.56% of the change in iron. Likewise, 94.60% of the
variation in magnesium concentrations are associated with
changes in calcium (Table 2).
At site 4, composed of the youngest spoils (0 years of
age), magnesium and calcium each correlate with potassium
as well as with each other. Considering that these
materials are relatively unweathered highwall samples,
portions of these base cations should be readily leached as
weathering begins.
Spoils at sites 3 and 4 show several similarities while
remaining different from those at sites 1 and 2. Spoils
from the former locations are less than 17 years old, on
the average; non-gray materials are more acidic than gray;
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and base cations dominate the significant correlations
(Table 2). Further, correlations between calcium and
magnesium, potassium and calcium, nitrogen and calcium, CEC
and magnesium, and nitrogen and CEC are significant at both
sites (Table 2).
Of interest also, at each site, are some of the
variable pairs which correlated below the acceptable
standards. Notable again is the contrast between the
younger spoils (sites 3 and 4) and the older (sites I and
2) (Table 2). At the former, correlations among zinc,
manganese, copper, aluminum, iron and sulfate are not
significant at the 99% level, nor are the coefficients as
high as 0.80. The singular exception - perhaps indicating
a transition - is the association between copper and iron
at site 3.
On the other hand, at the older sites, the same six
variables frequently show correlations significant at the
99% level though coefficients are often less than 0.80.
This situation could be due to insufficient sample size.
Once again, materials appear to be separable into young and
old as well as gray and non-gray.
Regression Analyses. The amount of change in one
variable for each unit of change in another variable can be
determined by regression analysis and calculation of the
regression coefficient. By this analysis technique,
TABLE 3. Multiple Regressions, Including Age and Color as Independent Variables
for Spoil Samples from the Darco Lignite ~~ne, Marshall, Texas.
Analysis of Variance
Dependent Independent
R2
Standard ~um of Mean
Variable Variables Error Source DF Squares Square F
Al Age, pH, color 0.22601 228.14136 Regression 3 907047.45 302349.15 5.8090**
Residual 51 2654472.5 52048.481
Zn Age, Fe, color 0.76456 2.70271 Regression 3 1270.6028 423.53425 57.9814**
Residual 51 372.53734 7.30465
Al Age, Cu, color 0.43322 195.22874 Regression 3 1617692.7 539230.89 14.1477**
Residual 51 1943827.3 38114.261
pH Age, Fe, color 0.51274 0.79816 Regression 3 36.75389 12.25130 19.2312**
Residual 51 32.48967 0.63705
Al Age, P , color 0.27768 220.39526 Regression 3 1084242.5 361414.16 7.4405''<*
Residual 51 2477277.5 48574.069
p Age, Fe, color 0.43023 6.68450 Regression 3 1874.51 624.83667 13.9839~~
Residual 51 2278.8111 44.68257
Al Age, Fe, color 0.13156 241.66076 Regression 3 58312"~. 05 194374.68 3.3283*
Residual 51 2978396.0 58399.921
**0.01
*0.05
.f>
lJ1
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regression equations can be derived and used to predict the
value of one variable when that of the other variable is
known.
Multiple regressions - utilizing more than two
variables - were run in an attempt to clarify some of the
relationships among variables divulged by Pearson correla-
tion coefficients, and to reveal more of the interplay
among acid forming variables, spoil color, and spoil age.
The independent variable in each combination was coupled
with age and color. The variable combinations used were
often variables related in the literature - such as
aluminum vs. pH or sulfate vs iron. Variations in iron
concentrations with spoil age and color considered, were
related to 76% of the variation in zinc and 51% of the
change in pH CTable 3). For both of these regressions, the
coefficients were considerably lower than those obtained
without the addition of age and color. This indicates that
the added variables exert little influence on individual
variables and may be useful only to classify materials being
handled.
Statistical analysis was continued as stepwise
regressions were made to determine the most influential
variables - and their input - affecting sulfates, aluminum,
iron, phosphates, pH, and zinc; to verify relationships
discussed previously; and to consider further the roles
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played by age and color in the fertility of lignite
spoils. In stepwise regression analysis, the variables are
selected one at a time based on their input into the
dependent variable being considered. Variation in iron once
again was related to a large portion of the change in zinc,
although the amount was less than that determined by the
previous regression: 66% as compared to 76% (Table 4).
Further, change in magnesium was allied with almost 13% of
the change in zinc, while spoil color, sulfate, and age were
connected with only 4%, 2%, and 0.6% respectively.
Investigation of variable input into soil reaction
revealed that iron was only slightly associated (less than
0.2%) and aluminum even less (about 0.02%) with pH. Taking
into account that concentrations of aluminum and iron were
high in gray spoils and that availability of both elements
increase as pH decreases (Pratt, 1961; Brady, 1974),
greater correlation between these elements and pH had been
expected. The most influential factors were spoil age
(46.4%), phosphates (10.4%), and zinc (8.0%) (Table 4). In
variable input to pH, sulfates and iron ranked 13th and
15th, respectively, with inputs of less than 1%.
Scrutiny of factors relating to iron concentrations in
the spoils shows that only two variables are associated with
much of the change. Zinc is related to 67% of the change,
overwhelming the amount explained by the remaining variables
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TABLE 4. Partial Results of Stepwise Multiple Regression
of Six Dependent Variables, for Spoil Samples
from the Darco Mine.
Dependent Independent R2 .6.R2Variable Variable
S04 1) Zn 0.387 0.387
2) Cu 0.409 0.023
3) Color 0.428 0.019
4) Mg 0.440 0.012
5) K 0.488 0.047
Zn 1) Fe 0.665 0.665
2) Mg 0.791 0.126
3) Color 0.831 0.040
4) S04 0.848 0.017
pH 1) Age 0.464 0.464
2) P 0.569 0.104
3) Zn 0.649 0.080
4) Ca:Mg 0.683 0.035
5) % bsa 0.718 0.034
6) Mn 0.761 0.043
ab .ase saturat~on
TABLE 4. (can't.)
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Dependent Independent R2 ~R2Variable Variable
A1 1) Cu 0.414 0.414
2) % bs 0.517 0.103
3) Ca:Mg 0.566 0.049
4) K 0.590 0.024
5) Mn 0.610 0.020
Fe 1) Zn 0.665 0.665
2) Ca 0.721 0.056
3) Mg 0.728 0.007
4) Ca:Mg 0.735 0.007
5) pH 0.739 0.004
P04 1) pH 0.446 0.446
2) Ca 0.634 0.188
3) Mn 0.689 0.055
4) Na 0.723 0.035
5) Color 0.759 0.036
6) CEC 0.805 0.046
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(11%) (Table 4). Changes in calcium concentrations account
for half of the remaining 11%.
Zinc is affiliated with almost 39% of the variability
in sulfate concentrations - despite the fact that sulfates
had previously been associated with only 2% of the change in
zinc by stepwise regression analysis. At the same time, .
iron - expected to be a large contributor to sulfate levels
through the oxidation of pyrite - associates with only a
very small percentage (0.3%) of the total change. Aluminum
likewise relates to a small amount of the change. Age,
site, and color each related to only 1 and 2%, and
surprisingly, copper was the second variable selected -
affiliated with a change of only 2%. Changes in potassium
were associated with only 4.7% of the variation in sulfates.
Since aluminum often plays a major part in soil acidity
and the flocculation of phosphates (Pratt, 1961), investi-
gation was made into the changes in aluminum concentrations.
Variations in copper concentrations were related to 41% of
the change in aluminum levels. Percent base saturation was
associated with 10% of the change, and calcium:magnesium
ratio with another 5% (Table 4). Sulfates and phosphates
could're1ate to only very small portions of the total
change, and suggest that these anions are not common radi-
cals for the aluminum ion. The location of the sample (site)
was related to less than 2%, while less than 1% of the change
51
in aluminum was associated with pH, age, color, or iron.
In the case of phosphates, pH related to the largest
amount of change (44.6%) and calcium the next largest (18.8%)
(Table 4).
Discriminant Analysis. In order to establish which
variables were the most predictive of spoil color, and to
establish an equation for prediction, the data base was
analyzed by stepwise discriminant analysis techniques.
Through statistical means for the overall site, each of the
variables were considered as a predictor of spoil color
(gray vs. non-gray), and the best predictor was selected
first. After considering the significance of the contribu-
tion made by each variable, the most effective variables
were selected. This analysis procedure showed that the
most predictive variables were (in order of decreasing
significance): zinc, phosphate, nitrogen, manganese,
potassium, and sodium (Table 5).
The values for these six variables, once obtained for
a given sample, are entered into a standard equation which
is part of the discriminant analysis program, and the pre-
diction is based on the results of the calculations.
When this formula was applied to each of the samples
involved in this study - the samples having been classified
into spoil groups by the use of Munsell's color chart and
visual determination either as gray or non-gray - 90.9% of
TABLE 5. Data from Discriminant Analysis
of Lignite Spoil Samples, Darco
Mine, Marshall, Texas.
Variables in the Analysis
Entry F to
Variable Criterion Remove
K 101.1 7.3
Na 88.2 2.7
Zn 39.3 35.6
Mn 85.6 9.0
p 56.0 17.3
N 72.0 9.0
Classification Function Coefficients
Variable Group 1 Group 2
K 0.0580 0.0274
Na -0.0076 0.0005
Zn 0.7944 0.1420
Mn -0.1324 -0.0033
p 0.4113 0.0965
N 32.7478 10.8276
Constant -9.0330 -1.4678
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TABLE 5. (con't.)
Prediction Results
No. of Predicted Group Membership
Actual Group Cases Group 1 Group 2
Group 1 22 20 2
(Gray)
90.9% 9.1%
Group 2 33 3 30
(Non-gray)
9.1% 90.9%
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the samples in each group were predicted as belonging to
their respective groups. This means that the formula
predicted, with almost 91% accuracy, the spoil groups to
which samples should be assigned - the same decision made on
a much more subjective basis by the use of Munsell's color
charts. It must be considered, of course, that this back
test was performed on the original data from which the
variables were derived, and a high precision level should
be expected.
The true test of the precision and value of these
variables as predictors could be made by utilizing data from
a different set of samples from this mine analyzed by the
same techniques. If this test shows the variables to be
precise predictors of spoil color, then the measurement of
these variables, and application of the formula - perhaps
in concert with visual classification using Munsell's color
chart - could provide the management alternative necessary
to revegetate the spoils represented by sampling.
Conclusions
Classification by Spoil Color. By field observation,
lignite spoils are classified as gray or non-gray, and
laboratory analysis substantiates and quantifies such
classification. Zinc, iron, and sulfate levels are at least
100% higher in gray spoils at site 4, even though non-gray
materials are more acidic. Larger mineral sources of these
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elements probably exist in the gray strata. Zinc concen-
trations are consistently higher, by at least 144%, in all
gray spoils. Except for sodium at site 4, the mean levels
of base cations are consistently higher in gray spoils,
reflecting the accumulative nature of these gray materials
prior to excavation. The CEC is greater in gray spoils -
probably due to a greater clay content of the older, more
weathered materials. Further, only in gray spoils do the
concentrations of zinc, iron, and sulfate increase sharply
with increasing age (Figures 4 and 5), and only in these
spoils does zinc correlate significantly with iron,
phosphate with sodium, and perhaps zinc with sulfate.
Finally, discriminant analysis of the data base indicates
that testing of six variables (specifically zinc, phosphate,
nitrogen, manganese, potassium, and sodium) and application
of the formula should differentiate gray spoils from non-
gray materials.
Classification by Spoil Age. Statistical analyses also
have shown that Darco spoils can be differentiated on the
basis of age. From 0 to 17 years of age, spoils have mean
pH levels above pH 5.0, while those 17 to 31 years of age
have levels below pH 5.0. In the first 17 years of exposure,
non-gray spoils are more acidic than gray spoils by half a
pH unit. From approximately 17 to 31 years of age, however,
gray spoils are more acidic than non-gray materials by a
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full pH unit. At the same time, non-gray spoils show a more
gradual - almost stable - mean pH. Older spoils (17 to 31
years of age) have greater concentrations of zinc, iron,
sulfate, aluminum, and copper - with the singular exception
of the mean copper value at site 1. Finally, for older
materials, percent base saturation in gray spoils is less
than that of non-gray spoils, while for younger materials
the situation is reversed.
Weathering Process. In all consideration, however,
spoil color and age are merely observational tools which
assist in classifying the underlying weathering processes in
different materials. At the same time, the analyses expose
a sequence of events which I believe outline the weathering
processes of the spoils at the Darco mine. At age zero -
represented by highwall samples at site 4 - non-gray
materials are more acidic, as mentioned above. Levels of
zinc, iron, sulfate, aluminum, and copper are low and
relatively close in both spoil groups. The concentrations
of zinc, iron, and sulfate are greater in the less acidic
gray spoils (Figures 4 and 5). With the exposure of spoil
materials to the atmosphere, weathering begins with the
leaching of the most easily removed elements (sodium and
calcium) (Figures 8 and 9).
At age 1 to 17, the mean pH levels of the spoils drop
about 1 pH unit for both groups. The weathering rate
increases with increased -acidicy, and greater quantities of
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many elements are released into solution. This release is
evidenced by concentration increases at a later stage
(Figures 4 and 5). At this time, however, concentrations of
zinc, iron, sulfate, aluminum, and copper remain essentially
unchanged, but phosphate concentrations reach their maximum.
At age 16 to 19, gray spoils become more acidic than
non-gray materials. During this change, gray spoils exhibit
a more rapid pH decline - an indicator of increased
weathering - while non-gray spoils appear to approach a
stable pH. Concentrations of zinc, iron, sulfate, aluminum,
and copper all begin increasing in gray spoils.. The rate of
weathering is thereby increased further, making resistant
minerals more vulnerable. The lower pH also makes more of
the acid forming elements available to plants. A.luminum
and copper concentrations hit peaks while those of calcium,
magnesium, sodium, and phosphate bottom out. The low
phosphate concentration is probably due to decreased
availability since the spoil is so acidic. Potassium is the
only base cation still experiencing even a sl~ght increase
in concentration. CEC begins a rapid increase in gray
spoils as the clay content is increasing. Percent base
saturation in gray materials becomes less than that in non-
gray spoils, reflecting the increase in CEC.
At age 19 to 31, mean pH levels of both spoil groups
continue to decline. Levels of zinc, iron, and sulfate
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continue to climb in gray spoils at slightly greater rates
due to the increased weathering initiated at the previous
stage (16 to 19). Sources of these minerals are still
being weathered. Aluminum and copper concentrations fall
off, as does that of potassium. Perhaps supplies of
minerals bearing these elements are not as plentiful.
Sodium and phosphates remain low.
In this manner, a weathering cycle is established which
shows few signs of slowing after 31 years of spoil exposure.
Spoil acidity appears to be the motivating force. As such,
pH is also an indicator of the progression of weathering,
and a more stable pH would indicate the slowing of the
process. Therefore, if spoil acidity can be controlled at a
desirable level for plant growth, the rate of weathering
also may be controlled and spoil revegetation be more
successful.
Finally, predictive variables - such as those defined
through discriminant analysis - can successfully
differentiate between spoil materials. If management
alternatives are established for both spoil groups, then
prediction of the spoil group will also define the
management approach to be used for greater revegetation
success.
SUMMARY AND RECOMMENDATIONS
The lignite strip mine spoils at the Darco mine near
Marshall, Texas, were differentiated into gray and non-gray
materials based on field observation of the spoils and
revegetation success. The gray materials frequently failed
to support any natural revegetation. In order to investi-
gate chemical differences which may also differentiate the
spoil groups, spoil samples were taken at four Darco mine
sites representing four ages of exposure.
Analysis of these samples provided a chemical basis for
dividing spoils into gray and non-gray groups. Gray
materials appear to have greater mineral sources of zinc,
iron, and sulfate than non-gray spoils, and greater concen-
trations of zinc, calcium, magnesium, and potassium at all
sites. The clay content and CEC is also higher in gray
materials.
Statistical analysis has shown that spoils may also be
separated on the basis of age. Older spoils (17 to 31 years
of age) have mean pH values below 5.0, a more rapid decline
in pH, and greater concentrations of zinc, iron, sulfate,
and aluminum.
Spoil color and age, however, are only aids in
differentiating spoil weathering process of the two groups.
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Initial leaching and subsequent decreases in pH intensify
the weathering, and resistant minerals become more vulner-
able. Greater quantities of zinc, iron, sulfate - and fre-
quently aluminum and copper - are released and further de-
crease the spoil pH. As a result, weathering rates increase
again, and a weathering cycle is established.
Since increasing spoil acidity motivates the cycle,
control of the pH will control the rate of weathering and
the quantities of zinc, iron, and sulfate released. Because
they contain high concentrations of nutrients, gray spoils
should be placed on the surface, the pH monitored regularly,
and lime applied to maintain pH in a range optimum for plant
growth. < Reclamation of gray materials should be initiated
as soon as possible after exposure to minimize the increase
in acidity.
I also recommend the testing of predictive variables
delineated in this project through discriminant analysis.
If tests uphold their validity and effectiveness, then use
of this tool - perhaps along with Munsell's color chart -
in defining spoil groups should also define the management
approach necessary to increase revegetation success.
Since the cause of revegetation failure has not been def-
initely determined, I recommend further investigation through
greenhouse pot and field trials to determine interactions
which may be influencing revegetation in younger spoils.
Also, I recommend investigation of the mineralogy of the
spoil materials - especially of the clay fraction to im-
prove our understanding of the mineralogic interactions.
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APPENDIX A
SOIL ANALYSIS METHODS
pH 4.2 Ammonium Acetate Extraction and
1Measurement of Phosphorus
Reagents
1. Extracting solution - 1.4 M ammonium acetate, 1.0 M
hydrochloric acid, pH 4.2: To five liters of dis-
tilled water add 1494 ml glacial acetic acid and
mix. With stirring, add 1750 ml concentrated
ammonium hydroxide and allow to cool. Add 1460 ml
concentrated hydrochloric acid and allow to cool.
Add distilled water to volume of 18 liters, stir.
Adjust to pH 4.2.
2. Ammonium molybdate: To an 18-liter carboy, add
about 10 liters of distilled water. Add 270 g.
ammonium molybdate, and allow to dissolve. Add 5130
ml concentrated reagent grade hydrochloric acid.
Dilute to the 18 liter mark with distilled water.
3. Stannous chloride: Stock solution - Dissolve 10 g.
stannous chloride in 25 ml concentrated HC1. Place
in a warm water bath to aid in dissolution. (If
failure to dissolve is due to stannic forms, dis-
lAdapted from procedures used by Texas state soil
testing laboratories and the soil testing facility at
Stephen F. Austin State University, Nacogdoches, Texas.
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Dissolve 0.2195 g. KH2P04 and
This contains 50 ppm P. Dilutedilute to 1000 ml.
card and use a fresh supply.) Store in an amber
Erlenmeyer flask with a ground glass stopper. Daily
working solution - Dilute 1 ml of stock stannous
chloride to 332 ml with distilled water. Prepare
fresh daily.
4. Standard solution:
50 ml of 50 ppm P. to 500 ml. This final solution
contains 5 ppm. By using different proportions of
extracting solution and the 5 ppm P solution, make
standards containing 0.2, 0.4, 0.6, and 018 ppm P.
Procedure
1. Transfer 10 g. of soil to a 125-ml Erlenmeyer flask,
2. Add 100 ml of extracting solution and shake for 30
minutes.
3. Filter the soil suspension.
4. Pipette 5 ml of soil extract into a test tube.
5. Add 5 ml ammonium molybdate solution.
6. Add 5 ml stannous chloride solution.
7. Let color develop for about 5 minutes. Read light
transmission with a spectrophotometer or colorimeter
at a wavelength of 660 mu. Read phosphorus concen-
tration from standard curve.
8. Prepare standard curve by running standard solutions
through steps 4 - 7, and plotting light trans-
mission for each standard on graph paper.
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1Acetate-Soluble Sulfate
Reagents
1. Extracting solution 1.4 M ammonium acetate, 1.0 M
hydrochloric acid, pH 4.2: To five liters of dis-
tilled water add 1494 ml glacial acetic acid and
mix. With stirring, add 1750 ml concentrated
ammonium hydroxide and allow to cool. Add 1460 ml
concentrated hydrochloric acid and allow to cool.
Add distilled water to volume of 18 liters, stir.
Adjust to pH 4.2
2. Norit "A" activated charcoal: Wash the charcoal
with extracting solution until it is free of
sulfate.
3. Acid "seed" solution: 6N HCl containing 20 ppm of
sulfur as K2S04 .
4. Barium chloride, 20 to 60 mesh crystals.
5. Potassium sulfate, reagent grade.
Standards
1. Stock solution: Dissolve 0.5434 g. reagent grade
K2S04 in extracting solution in a I-liter volumetric
flask, and make the volume to 1 liter with more
IDerived from Bardsley and Lancaster, 1965.
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extracting solution. The resulting solution
contains 100 ppm of S.
'2. Standard solutions: By using different proportions
of extracting solution and the 100 ppm stock solu-
tion make standards containing 0, 2, 5, 10, 20, 25,
30, and 40 ppm of added S.
Procedure
1. Shake 10 g. of 20-mesh soil with 25 ml of
extracting solution in a 50-ml Erlenmeyer flask for
30 minutes.
2. Add 0.25 g. of charcoal and resume shaking for 3
minutes.
3. Filter the soil suspension.
4. Pipette 10 ml of filtrate into test tube for use in
a spectrophotometer or colorimeter.
5. Add 1 ml of "seed" solution, swirl.
6. Add 0.5 g. of barium chloride crystals. Let stand
for 1 minute, then swirl.
7. Read light transmission on a colorimeter or spectro-
photometer at a wavelength of 420 mu within 2 to 8
minutes and find the sulfate concentration from a
standard curve.
8. Prepare the standard curve by running the standard
solutions through steps 2 - 7 and plotting light
transmission for each standard on graph paper.
APPENDIX B
SOIL ANALYSIS DATA
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TABLE 1. Soil Analysis Data from Spoils of the Darco
Lignite Mine, Marshall, Texas. a
Variable
Ca Mg K Na Zn
Site Sample Color (ppm) (ppm) (ppm) (ppm) (ppm)
1 Sa Gray 850.0 987.5 73.0 15.0 12.5
5b 1437.5 2112.5 21. 0 43.5 28.8
10 887.5 925.0 50.0 22.0 16.2
11 1137.5 1337.5 39.0 21.0 13.8
12 1962.5 2162.5 104.0 69.5 15.0
1 Non-gray 701.2 712.5 62.0 9.5 t
2 543.8 166.2 44.0 9.5 2.5
3 382.5 650.0 44.0 8.5 1.2
4a 1012.5 1100.0 62.0 32.0 2.5
4b 825.0 750.0 40.0 24.5 1.2
4c 1787.5 1625.0 117.0 56.0 5.0
6 397.5 241. 2 51. 0 12.0 t
7 393.8 687.5 48.0 25.0 t
8 213.8 128.8 27.0 8.0 t
9 135.0 90.0 15.0 18.0 t
13 837.5 1925.0 96.0 95.0 7.5
2 1 Gray 1075.0 2150.0 149.0 37.0 13.8
aNumbers presented are averages of two measurements.
TABLE 1. (can't.)
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Variable
Ca Mg K Na Zn
Site Sample Color (ppm) (ppm) (ppm) (ppm) (ppm)
2 2 Gray 1612.5 1937.5 122.0 64.0 10.0
3 123.8 50.0 90.0 11. 5 5.0
4 90.0 156.0 99.0 17.5 12.5
10 1337.5 1625.0 234.0 27.5 5.0
11 1137.5 737.5 27.0 18.0 5.0
5 Non-gray 138.8 40.0 31. 0 8.0 t
6 127.5 171. 2 65.0 17.5 2.5
7 157.5 775.0 56.0 12.0 t
8 191.2 600.0 43.0 12.0 t
9 787.5 1387.5 168.0 20.5 2.5
3 3 Gray 1586.0 1300.0 174.0 243.8 5.0
7 1750.0 1350.0 191.0 135.8 7.5
8 687.5 737.5 59.0 59.5 5.0
11 1925.0 1962.5 111. 0 300.0 5.0
12 1500.0 1625.0 92.0 325.0 7.5
13 1300.0 1137.5 76.0 66.0 2.5
1 Non-gray 1312.5 1425.0 84.0 236.0 5.0
2 987.5 1037.5 60.0 225.0 2.5
4 1225.0 1262.5 77.0 217.5 2.5
5 142.5 176.2 36.0 61. 0 t
6 202.5 73.8 24.0 11. 5 t
TABLE 1. (can't.)
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Variable
Ca Mg K Na Zn
Site Sample Color (ppm) (ppm) (ppm) (ppm) (ppm)
3 9 Non-gray 408.8 187.5 45.0 23.0 2.5
10 626.2 750.0 75.0 93.0 2.5
14 800.0 875.0 82.0 67.5 t
15 1575.0 1200.0 162.0 28.0 5.0
4 1 Gray 3200.0 1537.5 175.0 237.5 5.0
4 2312.5 1225.0 122.0 200.0 5.0
6 862.5 625.0 43.0 82.5 t
7 937.5 600.0 64.0 87.0 5.0
8 4250.0 1975.0 141. 0 400.0 10.0
2 Non-gray 987.5 687.5 50.0 180.0 2.5
3 1200.0 625.0 61. 0 131. 2 2.5
5 263.8 1000.0 35.0 231.2 t
9 1725.0 937.5 102.0 246.2 t
10 48.8 20.0 6.0 40.0 2.5
11 543.8 375.0 41.0 99.8 t
12 1462.5 1437.5 135.0 687.5 t
13 495.0 475.0 40.0 201.2 t
TABLE 1. (can't.)
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Variable
Mn Cu A1 Fe S04
Site Sample Color (ppm) (ppm) (ppm) (ppm) (ppm)
1 5a Gray 5.0 50.0 220.0 370.0 20.08
5b 30.0 t 610.0 385.0 330.00
10 5.0 10.0 280.0 275.0 33.00
11 12.5 20.0 290.0 270.0 131.00
12 15.0 10.0 100.0 65.0 138.50
1 Non-gray 20.0 t 130.0 5.0 1. 95
2 5.0 t 120.0 t 2.05
3 10.0 t 90.0 10.0 1.25
4a 20.0 t 100.0 5.0 10.35
4b 10.0 t 120.0 5.0 5.60
4c 30.0 t 140.0 20.0 13.05
6 t t 190.0 5.0 0.95
7 t t 380.0 t 0.50
8 2.5 t 170.0 10.0 0.90
9 5.0 t 110.0 t 4.70
13 57.5 t 100.0 20.0 11.30
2 1 Gray 45.0 40.0 200.0 115.0 154.00
2 30.0 t 150.0 130.0 200.00
3 5.0 20.0 740.0 75.0 3.65
4 10.0 120.0 129.0 130.0 39.00
TABLE 1. (can't. )
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Variable
Mn Cu A1 Fe S04
Site Sample Color (ppm) (ppm) (ppm) (ppm) (ppm)
2 10 Gray t 20.0 1080.0 20.0 2.10
11 5.0 t 500. O. t 0.70
5 Non-gray 20.0 40.0 90.0 10.0 0.35
6 2.5 t 260.0 20.0 0.90
7 t 20.0 250.0 t 0.45
8 t 20.0 170.0 t 1.95
9 2.5 40.0 700.0 20.0 1.30
3 3 Gray 15.0 t 60.0 20.0 14.80
7 12.5 t 80.0 20.0 4.30
8 10.0 t 70.0 20.0 5.20
11 30.0 t 40.0 15.0 77.50
12 22.5 t 40.0 10.0 50.00
13 45.0 t 60.0 10.0 13.30
1 Non-gray 17.5 t 100.0 25.0 24.00
2 22.5 t 100.0 25.0 335.00
4 15.0 t 40.0 t 16.60
5 t t 540.0 t 2.25
6 5.0 t 90.0 10.0 t
9 10.0 t 50.0 t 1.85
10 25.0 t 40.0 20.0 18.85
TABLE 1. (can't.)
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Variable
Mn Cu Al Fe S04
Site Sample Color (ppm) (ppm) (ppm) (ppm) (ppm)
3 14 Non-gray 22.5 t 60.0 t 3.00
15 45.0 10.0 140.0 145.0 7.30
4 1 Gray 5.0 t 80.0 20.0 3.95
4 25.0 t 60.0 25.0 6.90
6 5.0 t 20.0 25.0 3.10
7 t t 30.0 20.0 49.00
8 40.0 t 20.0 5.0 26.00
2 Non-gray 10.0 t 50.0 20.0 4.60
3 10.0 t 50.0 15.0 4.80
5 t t 390.0 10.0 2.80
9 5.0 t 30.0 5.0 1.35
10 t t 30.0 t t
11 t t 50.0 t t
12 t 10.0 170.0 t 0.21
13 5.0 10.0 150.0 5.0 52.25
TABLE 1. (can't.)
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Variable
p N b.s.b
Site Sample Color (ppm)
. -l2!L (%) CEC (%) Ca:Mg
1 5a Gray 0.40 3.65 .18 18.3 69.40 0.83
5b 3.00 3.25 .12 23.3 107.30 0.67
10 2.70 3.50 .20 19.7 62.84 1.00
11 5.10 3.35 .07 27.7 61.44 0.83
12 1.80 3.95 .16 28.8 98.61 0.91
1 Non-gray 1.45 4.25 .07 8.2 117.07 1.00
2 0.70 4.10 .07 7.7 54.54 3.30
3 1. 20 4.15 .04 5.5 136.36 0.59
4a 0.20 4.50 .06 13.1 110.69 0.91
4b 0.20 4.55 .13 9.9 107.07 1.10
4c 0.40 4.66 .11 21. 0 109.52 1.10
6 2.70 4.50 .03 6.2 67.42 1.60
7 4.80 4.40 .01 7.9 100.38 0.59
8 3.60 4.50 .01 3.7 28.35 1.60
9 5.70 5.25 .01 1.2 41.89 1. 50
13 5.40 4.30 .05 12.1 172.64 0.43
2 1 Gray 1. 65 3.65 .16 22.1 107.87 0.50
2 1.72 3.75 .15 24.3 102.02 0.83
3 1.58 4.00 .09 12.9 10.08 2.50
4 1.45 3.40 .02 16.0 13.00 0.59
bb .ase saturatlon
TABLE 1. (can't.)
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Variable
p N b.s.b
Site Sample Color (ppm) J?lL (%) CEC .G.L Ca:Mg
2 10 Gray t 4.10 .11 30.6 68.63 0.83
11 0.57 4.70 .50 34.6 34.68 1. 50
5 Non-gray 3.30 5.56 .01 1.6 70.62 3.50
6 1. 70 4.80 .01 10.0 23.20 0.77
7 1.00 4.65 .01 6.6 112.73 0.22
8 0.40 5.20 .01 3.9 156.92 0.32
9 0.20 4.20 .02 17.1 93.68 0.56
3 3 Gray 24.00 5.80 .04 13.6 149.04 1.20
7 18.00 5.60 .06 16.5 127.76 1.30
8 9.90 5.05 .02 5.4 185.00 0.91
11 24.00 5.55 .08 17.6 156.53 1.00
12 27.00 5.90 .06 14.0 162.07 0.91
13 27.00 5.25 .07 11.8 139.49 0.91
1 Non-gray 19.05 5.80 .05 11. 7 162.73 0.91
2 13.20 4.90 .07 10.4 141.44 1.00
4 19.65 5.65 .04 11.1 160.18 1.00
5 3.75 5.30 .02 9.9 25.56 0.83
6 7.50 5.45 .01 1.7 101. 76 2.70
9 7.80 5.15 .01 4.1 93.17 2.20
10 5.25 4.55 .02 5.5 181. 27 0.83
bb .ase saturat~on
TABLE 1. (can't.)
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Variable
F N b.s.b
Site Sample Color (ppm) , -.J2!L (%) CEC (%) Ca:Mg
3 14 Non-gray 14.25 4.85 .03 7.7 153.12 0.91
15 10.50 4.00 .10 17.5 105.26 1.30
4 1 Gray 19.20 7.50 .08 21.1 143.74 2.10
4 30.00 7.15 .04 7.7 298.05 1. 90
6 12.90 7.70 .01 5.5 181. 64 1.40
7 5.10 4.70 .07 17.6 58.12 1.60
8 27.00 5.75 .14 36.0 110.58 2.20
2 Non-gray 14.70 7.70 .01 7.0 165.43 1.40
3 15.00 7.15 .02 9.0 132.67 1. 90
5 3.30 4.50 .01 10.2 105.29 0.26
9 22.50 7.44 .04 12.9 137.60 1.80
10 4.20 6.30 t 0.5 120.00 2.40
11 3.90 5.60 .01 5.2 122.50 1.40
12 3.30 4.20 .01 24.5 92.37 1.00
13 3.90 4.15 .02 8.3 89.28 1.00
bb .ase saturat~on
TABLE 2. Statistical Summary of Soil Analysis Data from Spoils
of the Darco Lignite Mine, Marshall, Texas.
Variable Color Site Sum Mean Std.Dev. Variance n
Ca (ppm) Gray 1 6275.0 1255.0 460.1 211687 5
2 5376.3 896.0 639.5 408917 6
3 8748.5 1458.1 433.6 188027 6
4 11562.5 2312.5 1460.7 2133671 5
Non-gray 1 7230.1 657.3 464.8 216086 11
2 1402.5 280.5 284.4 80910 5
3 7280.0 808.9 506.3 256363 9
4 6726.4 840.8 596.0 355264 8
Mg (ppm) Gray 1 7525.0 1505.0 598.7 358406 5
2 6656.0 1109.3 917.0 840810 6
3 8112.5 1352.1 418.0 174713 6
4 5962.5 1192.5 592.8 351375 5
Non-gray 1 8076.2 734.2 608.5 370251 11
2 2973.7 594.7 535.8 287028 9
3 6987.5 776.4 514.3 264462 9 co
4 5557.5 694.7 433.4 VJ187788 8
TABLE 2. (can't.)
Variable Color Site Sum Mean Std.Dev. Variance n
K (ppm) Gray 1 287.0 57.4 32.1 1033 5
2 721. 0 120.2 69.0 4766 6
3 703.0 117.2 53.7 2886 6
4 545.0 109.0 54.6 2982 5
Non-gray 1 606.0 55.1 29.2 854 11
2 363.0 72.6 54.9 3010 5
3 645.0 71. 7 40.1 1606 9
4 470.0 58.8 41.0 1683 8
Na (ppm) Gray 1 171. 0 34.2 22.5 506 5
2 175.5 29.2 19.2 370 6
3 1130.1 188.4 117.1 13709 6
4 1007.0 201.4 130.4 16992 5
Non-gray 1 298.0 27.1 25.7 712 11
2 70.0 14.0 5.0 25 5
3 962.5 106.9 92.9 8633 9
4 1817.1 227.1 198.4 39378 8
co
+:'-
TABLE 2. (can't.)
Variable Color Site Sum Mean Std.Dev. Variance n
Zn (ppm) Gray 1 86.3 17.3 6.6 44 5
2 51.3 8.6 4.1 17 6
3 32.5 5.4 1.9 4 6
4 25.0 5.0 3.5 12 5
Non-gray 1 19.9 1.8 2.5 6 11
2 5.0 1.0 1.4 2 5
3 20.0 2.2 2.0 4 9
4 7.5 0.9 1.3 2 8
Mn (ppm) Gray 1 67.5 13.5 10.2 105 5
2 95.0 15.8 17.7 314 6
3 135.0 22.5 13.2 175 6
4 75.0 15.0 17.0 288 5
Non-gray 1 160.0 14.5 17.1 294 11
2 25.0 5.0 8.5 72 5
3 162.5 18.0 13.2 173 9
4 30.0 3.8 4.4 20 8
co
U1
TABLE 2. (can't.)
Variable Color Site Sum Mean Std.Dev. Variance n
Cu (ppm) Gray 1 90.0 18.0 19.2 370 5
2 200.0 33.3 45.0 2026 6
3 0.0 0.0 0.0 0 6
4 0.0 0.0 0.0 0 5
Non-gray 1 0.0 0.0 0.0 0 11
2 120.0 24.0 16.7 280 5
3 10.0 1.1 3.3 11 9
4 20.0 2.5 4.6 21 8
A1 (ppm) Gray 1 1500.0 300.0 189.1 35750 5
2 3960.0 660.0 464.1 215400 6
3 350.00 58.3 16.0 257 6
4 210.0 42.0 26.8 720 5
Non-gray 1 1650.0 150.0 82.1 6740 11
2 1470.0 294.0 237.1 56230 5
3 1160.0 128.9 157.8 24886 9
4 920.0 115.0 123.6 15286 8
co
(J'\
TABLE 2. (can't.)
Variable Color Site Sum Mean Std.Dev. Variance n
Fe (ppm) Gray 1 1365.0 273.0 127.7 16308 5
2 470.0 78.3 57.0 3247 6
3 95.0 15.8 4.9 24 6
4 95.0 19.0 8.2 68 5
Non-gray 1 80.0 7.3 7.2 52 11
2 50.0 10.0 10.0 100 5
3 225.0 25.0 46.3 2144 9
4 55.0 6.9 7.5 57 8
S04 (ppm) Gray 1 652.6 130.5 124.1 15391 5
2 399.4 66.6 87.9 7732 6
3 165.1 27.5 26.7 881 6
4 89.0 17.8 19.8 392 5
Non-gray 1 52.6 4.8 4.7 21 11
2 5.0 1.0 0.7 0 5
3 409.4 45.5 109.1 11902 9
4 68.0 8.5 17.8 316 8
(Xl
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TABLE 2. (can't.)
Variable Color Site Sum Mean Std.Dev. Variance n
pH Gray 1 17.7 3.5 0.3 0 5
2 23.6 3.9 0.4 2 6
3 33.2 5.5 0.3 0 6
4 32.8 6.6 1.3 2 5
Non-gray 1 49.1 4.5 0.3 0 11
2 24.5 4.9 0.6 0 5
3 45.6 5.1 0.6 0 9
4 47.0 5.9 1.5 2 8
N (%) Gray 1 0.73 0.15 0.05 0.0027 5
2 1.03 0.17 0.17 0.0284 6
3 0.33 0.06 0.02 0.0005 6
4 0.34 0.07 0.04 0.0024 5
Non-gray 1 0.59 0.05 0.04 0.0016 11
2 0.06 0.01 0.00 0.0000 5
3 0.35 0.04 0.03 0.0009 9
4 0.12 0.02 0.01 0.0001 8
ex:>
00,
TABLE 2. (can't.)
Variable Color Site Sum Mean Std.Dev. Variance n
CEC Gray 1 117.8 23.6 4.7 21.8 5
(meq/l00 g) 2 140.5 23.4 8.3 69.0 6
3 78.9 13.2 4.3 18.8 6
4 87.9 17.6 12.2 148.8 5
Non-gray 1 96.5 8.8 5.3 28.3 11
2 39.2 7.8 6.0 36.6 5
3 79.6 8.8 4.7 22.2 9
4 77.6 9.7 7.0 49.2 8
bsa (%) Gray 1 399.6 79.9 21.5 461 5
2 336.3 56.0 43.3 1876 6
3 919.9 153.3 19.8 391 6
4 792.1 158.4 90.3 8150 5
Non-gray 1 1045.9 95.1 43.0 1852 11
2 457.2 91.4 49.6 2459 5
3 1124.5 124.9 48.4 2340 9
4 965.1 120.6 25.2 637 8
co
a b . \0ase saturatl.on
TABLE 2. (can't.)
Variable Color Site Sum Mean Std.Dev. Variance n
Ca:Mg Gray 1 4.2 0.8 0.12 0.01 5
2 6.8 1.1 0.76 0.58 6
3 6.2 1.0 0.17 0.03 6
4 9.2 1.8 0.34 0.11 5
Non-gray 1 13.7 1.2 0.79 0.63 11
2 5.4 1.1 1.37 1.88 5
3 11. 7 1.3 0.68 0.46 9
4 11.2 1.4 0.66 0.43 8
p (ppm) Gray 1 13.0 2.6 1.7 3 5
2 7.0 1.2 0.7 0 6
3 130.0 21.6 6.6 44 6
4 94.2 18.8 10.2 104 5
Non-gray 1 26.4 2.4 2.15 4 11
2 6.6 1.3 1.25 1 5
3 101. 0 11.2 5.73 32 9
4 70.8 8.8 7.47 55 8
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0
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ABSTRACT
Field observation of lignite strip mine spoils from the
Darco mine near Marshall, Texas, revealed that gray spoil
materials of various ages were devoid of vegetation. Within
the same sites, spoil materials which were non-gray
supported several conditions of revegetation. Analysis of
spoil materials from this mine was undertaken to determine
if spoils were differentiated on a chemical basis. Gray
materials appear to have greater mineral sources of zinc,
iron, and sulfate than non-gray spoils, and greater concen-
trations of zinc, calcium, magnesium, and potassium at all
sites. Further, older spoils (17 to 31 years of age) have
mean pH values below 5.0, a more rapid decline in pH, and
greater concentrations of zinc, iron, sulfate, and aluminum.
A weathering process which accounts for such differentiation
is discussed. Recommendations for further research are made.
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